Distance is one of the important factors in determining transportation cost and travel time, and it can be easily estimated by measuring the circuity of road networks. This study calculated the circuity factors to estimate the network distance for 27 forest roads (about 105 km) in South Korea. For this purpose, ridge, mid-slope, and valley roads were classified according to the construction location of the mountain slope, and the weighted and unweighted circuity factor (each 500-m section) were calculated. The average value of weighted circuity was 1.55: mid-slope roads (2.09), ridge roads (1.36), and valley roads (1.09). The average unweighted circuity factors were 1.61 for mid-slope roads, 1.21 for ridge roads, and 1.07 for valley roads. This study found that the circuity of the forest road network was most affected by the mountain terrain. In addition, the circuity factor increased with increasing network distance in the mid-slope roads but was not affected by the network distance in ridges and valleys. To improve the efficiency of transportation in the forest road network, it is important to locate the ladings and properly connect with the public road network. the network distance [4] . This can be said to be a concept applied to minimize the effects of measuring distance. The accessibility of public facilities, such as public offices, hospitals, and schools, and spatial characteristics, such as the location analysis of residential space using commuting distance, were compared using circuity factors [3, 6] . These circuity factors estimate the actual distance with a certain level of accuracy within the urbanized area [12] , and several studies found an average circuity factor of 1.2 to 1.3 in urban road networks [1, [3] [4] [5] 13, 14] . However, in the case of non-urbanized areas, the deviation may be large [1, 15] . In particular, forest roads, which provide infrastructure for sustainable forest management [16] , are affected by their route alignments due to mountainous terrain; thus, most of the route is composed of complex linear shapes, and the circuity factors deviate considerably from region to region [11, 15] . To estimate the actual road distance for planning a road network or forest operation, estimating the network distance and calculating the circuity factor of the forest road network are necessary. Through this process, it is possible to more accurately and quickly estimate the transportation time and cost using various forestry machines. As the network distance on the road increases, the transportation efficiency decreases and costs increase; these differences can be used to assess the alignment of the road route in terms of its transportation efficiency.
Introduction
Distance is the numerical value by which two objects are physically separated, and travel distance (i.e., network distance) is an important factor in determining the accessibility to any destination in the transport and logistics sector [1] . In most cases, since the network distance is longer than expected [2] , various distance analysis techniques were studied to estimate distance more accurately [3] [4] [5] . Most studies of distance analysis used a distance estimating function based on the Euclidean distances of two points [1, 3, [5] [6] [7] .
The circuity factor of a road network, which is one of these distance estimating functions, is defined as the ratio of the shortest distance to the network distance in the road network for two different points [4, 8] . Because the regional circuity factor is influenced by terrain, rivers, facilities, and road density [3] , it can be used as an index to compare regional traffic efficiency [9] and spatial characteristics [5, 10] . The circuity factor can realistically reflect the actual distance required in various plans [3] . For example, the circuity factor for a target area can be calculated accurately after the road is constructed, so that the actual distance of the route to be planned can be estimated using the circuity factor for similar terrain or nearby areas [11] .
Studies of road circuity were mainly conducted to identify the characteristics of the network distance on national or urban scales [1, 3, 5, 6] using the weighted circuity factor [1, 3, 5] or unweighted circuity factor [6] . The aforementioned circuity factor can be defined as unweighted circuity [5, 6] ; the weighted circuity is the average value of the circuity factor calculated by dividing the network distance into segments of unit length, which is applied because the circuity factor is affected by
Materials and Methods

Study Sites
The 27 forest roads that were randomly selected (about 105 km) are located in the national forests of the Republic of Korea (Figure 1 ). The study divided each road into its ridge, mid-slope, and valley parts according to the vertical position where the route was located on the mountain slope. The ridge roads are the route section where the vertical height of the slope is over 70%; the mid-slope roads are the section where the vertical height of the slope is between 41% and 70%; the valley roads are defined as a section along a valley with a slope of less than 40% [21] . Finally, the number of forest roads in this study included nine ridge routes (about 38.3 km), 10 mid-slope routes (about 45.0 km), and eight valley routes (about 21.6 km) based on vertical distribution ( Figure 1 , Table 1 ).
where C is the circuity factor in a given section of forest road route, and Dnet and Deuc are the network and Euclidean distances between the two end-points in a given section of forest road route, respectively. 
Computation of Circuity Factors
The circuity of the road is expressed using several measures depending on the scale or purpose of the object. The most representative of these measures are the circuity rate [11, [17] [18] [19] [20] and the circuity factor [1, [3] [4] [5] [6] [7] [8] [9] [10] . The computation methods used for expressing road circuity differ, but their concepts are the same. Since the network distance on a forest road has a value greater than the straight-line distance [3] , this study used a circuity factor with a value of one or higher, as it can more intuitively express the degree of the road circuity. Then, the circuity factors were calculated using Equation (1) .
where C is the circuity factor in a given section of forest road route, and D net and D euc are the network and Euclidean distances between the two end-points in a given section of forest road route, respectively. This study also used calculations to determine the change in the circuity factor every 500 m of road length from the beginning point of the studied roads. Some authors [17, 18] calculated the forest road circuity by dividing the network distance into arbitrary sections (e.g., 500 m or 1000 m) to eliminate or minimize the influence of the road's length on the circuity factor, such as unweighted circuity factors [6] . The mean and standard deviation of the circuity factor according to the vertical location (ridge, mid-slope, and valley) were calculated by dividing the route into 500-m sections. Finally, the circuity factors were calculated for 202 sections: 74 sections from the nine ridge routes (about 38.3 km), 88 sections from the 10 mid-slope routes (about 45.0 km), and 40 sections from the eight valley routes (about 21.6 km). For estimating the network distance, firstly, the centerline of the 27 studied roads was digitized using satellite images provided by Google Earth (Google LCC, Mountain view, CA, USA) and polylines of the road routes were created. These lines were used to measure the distance and the Euclidean distance on a two-dimensional plane. Then, all studied routes were digitized by one person to minimize the errors that can occur (according to the manufacturer). In this study, a scale of 1:5000 was used as the reference map to avoid variation in the accuracy according to the scale of the imagery. All spatial analysis was performed using QGIS 2.18 (Boston, MA, USA) to estimate the circuity factors of the studied roads. 3 End point. 4 The average value of the longitudinal slope of each 500-m section on all routes.
Factors Affecting the Forest Road Circuity
In this study, three factors that were expected to affect the circuity factors of forest roads were quantitatively analyzed. The first was the road alignment. The number of curved sections (500 m each) and the intersection angles of the curved sections ( • ) were calculated for each 500-m section of each route. Here, the division of the curved section was defined as a curve when the intersection angle was Forests 2019, 10, 1147 5 of 10 155 • or less according to the forest road facility standard of the Korea Forest Service [22] . Secondly, many changes occur in the longitudinal curves of forest roads that are constructed in a line shape in a rugged mountainous area. To consider the longitudinal slope, the average longitudinal slopes were calculated for each 500-m section. Thirdly, the shape index [23] of the forested area where the studied routes were constructed was calculated. Because forest roads are essential facilities for forest management, there is a possibility that the route will be further detoured depending on the shape of target area. Therefore, the shape of target area where forest roads are constructed may affect the layout of forest road. The shape index is a constant expressed as the ratio of the area to the circumference length [24] . If the shape is circular, the shape index is 1 (i.e., the smallest perimeter in a given internal area). If the shape is a square, the shape index is 1.13 [16] . The shape index can be expressed by Equation (2).
where D i is the shape index, p is the perimeter (m), and A is the area size (m 2 ).
Statistics
This study conducted a one-way ANOVA and Tukey's honest significant difference (HSD) multiple comparisons test to investigate whether the circuity factors of the vertical distributions of the forest roads (e.g., ridge, mid-slope, and valley roads) were statistically significant (p < 0.05). This study also analyzed the correlation between the number of curves, the size of the intersection angle, the average longitudinal slope of the road at 500-m intervals, and the shape index of the study area.
Results
Circuity Factors Vary with Cumulative Network Distance at the Vertical Position of Forest Roads
The average circuity factor of the 27 forest roads was estimated to be 1.55. The average circuity factors differed with the vertical position: 1.36, 2.09, and 1.10 for the nine ridge routes, the 10 mid-slope routes, and eight valley routes, respectively ( Figure 2 ). These results indicate that the network distance of the forest road was about 1.36 times the straight-line distance in the ridges, about 2.1 times the straight-line distance in the mid-slopes, and about 1.1 times the straight-line distance in the valleys. 
Circuity Factors in 500-m Interval Sections per Vertical Position of Forest Roads
The weighted average circuity factor in the 500-m sections of the studied roads was the highest in the mid-slope roads (1.61), followed by ridge roads (1.24) and valley roads (1.06) (p < 0.01; Table  2 ). As a result of estimating the changes in the circuity factors according to an increase in the network distance from 500 m up to the maximum extension (5000 m) of the studied roads, the circuity factor changes of the forest roads showed different patterns depending on ridges, mid-slopes, and valleys ( Figure 2 ). As the measured distance of the forest roads increased from 500 to 5000 m, the circuity factor of the mid-slope roads steadily increased from about 1.41 to 2.21, but the circuity factor of the ridge roads increased steadily up to the measured distance of 3500 m, then declined somewhat. The circuity factor of the valley roads remained in the range of about 1.05 to 1.12 and did not tend to increase even as the network distance increased.
The weighted average circuity factor in the 500-m sections of the studied roads was the highest in the mid-slope roads (1.61), followed by ridge roads (1.24) and valley roads (1.06) (p < 0.01; Table 2 ). 1.08 (n = 6) 4
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1.36 (n = 6) 7
1.19 (n = 10) 8
1.12 (n = 10) 9
1.19 (n = 5)
Mid-slope road (n = 88) 
Correlation between Circuity and Each Influential Factor
The curves in each 500-m section of the studied roads were most frequent (6.1-14.7; mean 9.83) in the mid-slope routes, followed by 2.3-8.1 (mean 6.08) on the ridges; the lowest curve frequency was 1.3-5.8 (mean 2.45) in the valleys (Figure 3) . In other words, the curve frequency and the circuity factor were positively correlated in the 500-m sections of the forest road (coefficient of determination (R 2 ) = 0.79). The intersection angles of the 500-m sections of the forest road were 129 • -140 • (mean 135.2 • ) on the mid-slope roads, which had the highest circuity factor. The ridge roads were 129 • -146 • (mean 140.7 • ), and the intersection angles of the valley roads, with the lowest circuity factor, were 135 • -153 • (mean 145.6 • ). However, the size of the intersection angle in each 500-m section of the forest Forests 2019, 10, 1147 7 of 10 road was found to be negatively correlated with the circuity factor in the 500-m sections (R 2 = 0.39). The average longitudinal slope of the measurement section was 4.9%-21.4% (mostly within 15%), but the longitudinal slope and circuity factor of the forest roads were not significantly correlated (R 2 = 0.14). The shape index of the study area had a relatively long form due to the large index value for ridge and valley routes with low circuity factors. The shape index of the study area was high for the ridge and valley roads with low circuity factors; Figure 3d shows that this shape index had a longer shape like a bar-type.
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Discussion
As a result of this study, it was found that forest roads in South Korea exceed the Euclidean distance by about 1.6 times on average: ridge roads by about 1.4 times, mid-slope roads by about 2.1 times, and valley roads by about 1.1 times, according to the location of the mountain slope. The 
As a result of this study, it was found that forest roads in South Korea exceed the Euclidean distance by about 1.6 times on average: ridge roads by about 1.4 times, mid-slope roads by about 2.1 times, and valley roads by about 1.1 times, according to the location of the mountain slope. The average circuity factor of the public road network in South Korea is 1.26 [1] . Compared with the results of this study, the circuity factor of valley roads was lower than that of public roads, whereas those of ridge roads (1.36) and mid-slope roads (2.09) were higher.
In terms of unweighted circuity [6] , the circuity factors of the mid-slope roads tended to increase gradually with increasing network distance. The circuity factor of the studied routes was affected by the network distance in the general mountainous area. In particular, in the case of ridge roads, the circuit factor no longer increased in the section above 3500 m, because the average curve of the 500-m section was higher in the sections below 3500 m (mean 6.6) than the sections over 3500 m (mean Forests 2019, 10, 1147 8 of 10 4.6). For the studied ridge and valley routes, the circuity factor was also low and the change range was small since the road alignment was relatively straight. Hujiwara [18] reported a similar trend as found in this study. They found about a 30% difference between the mid-slope and valley roads due to changes in the mountain terrain. However, Cha and Cho [20] reported that the circuity of the forest roads is affected by the frequency of valleys and streams but is not correlated with network distance. These results are different from the results of this study because the measurement length of their road circuity was too short (100-300 m) and their study route was locally selected.
Although directly comparing public road networks with forest road networks is difficult because public roads are longer than forest roads, the circuity factor of the public road networks is known to gradually decrease as the network distance traveled increases [1, 6] . According to Kim et al. [1] , the circuity of public road networks, including highways in South Korea, gradually increases to about 100 km of traveled distance and then tends to decrease. Other studies considered the increase of circuity to be caused by the influence of topography and other avoidance factors within relatively short sections (within 100 km); thereafter, circuity decreased due to the influence of the form of the route, that is, straightened wide-area networks, such as highways or the national road system. The road alignment is highly affected by the terrain; the linearity of this alignment can be achieved using tunnels and bridges, whereas forest roads are more influenced by changes in the mountain terrain. Therefore, the transportation efficiency of the forest roads in mountainous areas decreases as the network distance increases.
In terms of the weighted circuity based on 500-m sections, the average circuity factor was 1-1.6 times higher than the straight distance. Most studies on forest road circuity [15, [17] [18] [19] [20] estimated the weighted circuity factors based on different interval distances. Although difficult to compare, Cha and Cho [19] and Cha et al. [20] reported that the average circuity of the forest roads in some areas of South Korea bypassed the average by 1.2-1.6 times compared to the straight-line distance. Hujiwara [18] found that the average circuity of mid-slope roads (1.58) was higher than that of valleys (1.21), indicating a similar trend. A number of studies reported that the circuity of road networks is influenced by the shape of the road network, which is affected by planar and vertical factors [1, 3] . In particular, the horizontal alignment that affects the circuity of road networks is more influenced by the planar factor than the vertical factor [1, 3, 15] and depends on the shape of the mountainous terrain and the frequency of ridges and valleys [19, 20] . For road networks on national scales, circuity is affected by multiple factors, such as the sample size of the city, road density and connectivity, lakes and seas, mountains, and conservation areas [3] .
The results of this study show that the road circuity is considerably influenced by the change in mountainous terrain. In mid-slope areas, roads are commonly constructed along the contour line at an average slope of less than 10% to prevent longitudinal erosion that may occur along the road's surface and the periphery along the route [25] . The mid-slope roads on these gentle gradients repeatedly pass through ridges and valleys; thus, the horizontal alignment of the lines has a winding shape. Therefore, the road routes detour further, and this is why mid-slope roads have a network distance about 1.6 times the straight-line distance based on the road's beginning and end points. In whole-tree harvesting sites, it is important to build multiple log landings to increase transport efficiency [26] . In general, the pre-hauling of ground-based harvesting is performed within the 500-m range [27] . Therefore, ground-based pre-hauling using forest roads or skid trails can be applied in terms of weighted circuitry. On the other hand, estimates of timber transport distances using log trucks may apply unweighted circuity.
The circuity factors of ridge and valley roads were relatively low, and their variations were not large. These results indicate that the road alignments on ridges and in valleys were relatively straight compared to those of the mid-slope roads. The ridge and valley areas are thought to be less developed; I determined that few route detours occur because the routes in the mountain area pass through the ridges with a relatively small change. Consequently, the circuity of this route appeared to be low. The valley roads are constructed in mountainous areas where the development of ridges and valleys is remarkable. However, since this route has a gradient that builds relatively rapidly along the direction of the water system, I found less circuity than the mid-slope roads.
The proportion of seven or more curves in the planar line of the study route was about 77% for mid-slope, about 41% for ridge, and 10% for valley routes. This shows that the topographical changes in the mid-slope roads are relatively larger than those of the ridges and the valleys. In particular, the horizontal alignment of the route determines the curves and intersection angle depending on the shape of the terrain [20] . The circuity of the forest road increases as the number of curves increases, and the intersection angles decrease. Even with the same frequency of curves, the circuity factor of the mid-slope roads was larger than the other sections, which is why the intersection angles of the mid-slope roads were smaller. The correlation coefficient between the weighted circuity factor (500-m intervals) and the average longitudinal slope was low, but the shape index was relatively bar-shaped in the area with a low degree of circuity. This is because the road route was arranged to evenly cross the target area. Thus, the horizontal alignment of the route has a close relationship with the mountainous terrain; these factors were shown to considerably influence the road circuity.
Conclusions
Road alignment plays a crucial role in ensuring the safety and smooth travel of a vehicle. However, since most roads have irregular and winding linear shapes due to rough and complicated terrain conditions, their speed is limited to ensure the safety of the traveling vehicle, which considerably influences transportation efficiency.
As a result of this study, the forest roads in the mountainous areas of South Korea were found to exceed the Euclidean distance by an average of 1.1-2.1 times, and the most detours occur on mid-slope roads. This study concludes that road circuity has a close relationship with mountainous terrain, and the changes in the mid-slope terrain are relatively larger than those of ridge or valley terrains. It was found that road circuity increases as network distance increases in mountainous areas; a longer route length of the road results in a lower efficiency of transport through the road network. To increase the efficiency of forest operations and transportation, it is important to locate the landings and properly connect them with public road networks.
The circuity of public road networks on the national and regional scales is somewhat different from the circuity of forest road networks. Since this circuity depends on various factors, including its measurement distance and method, a suitable method for estimating the circuity of forest roads is required. In the future, it is expected that it will be possible to use various aspects, such as the evaluation of the transportation efficiency of road networks, to estimate the network distance of planning routes and engage in operation planning.
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